Background: Animal models of focal cerebral ischemia are widely used in stroke research. The purpose of our study was to evaluate and compare the cerebral macro-and microvascular architecture of rats in two different models of permanent middle cerebral artery occlusion using an innovative quantitative micro-and nano-CT imaging technique.
Background
Over the last decade, the rat has become the predominant species for models of focal cerebral ischemia. Up to now, different techniques simulating human cerebral ischemia have been established in rats. Among the endovascular techniques for middle cerebral artery occlusion (MCAO), the suture occlusion technique in rats is the most frequently used method [1] [2] [3] . In this model, a monofilament is implemented into the internal carotid artery (ICA) until it blocks blood flow to the middle cerebral artery (MCA). This technique provides reproducible MCA territory infarctions and allows reperfusion by releasing the suture. Permanent MCAO with the suture technique, however, has one disadvantage: insertion of the suture occludes the entire course of the ICA, including the hypothalamic artery. This approach leads to hypothalamic infarction that cause severe hyperthermia with effects on infarct growth, confounding treatment effects [4, 5] .
The recently introduced macrosphere model has been developed to overcome these side effects by the intraarterial embolization of TiO 2 spheres which selectively block blood flow to the MCA main stem without obstructing the hypothalamic artery [4, 6] . This model therefore avoids hypothalamic infarction and pathological hyperthermia in permanent MCA occlusion.
Reliable visualization and detection of cerebral ischemia and particularly the underlying vascular pathology remain a major challenge in vascular research. However, detailed anatomical data about the vascular status, are generally sparse because (i) of the difficulty in their quantification, (ii) of difficulty to demonstrate their interconnectivity to other vessels (collaterals), (iii) of their very fine anatomy in animal models of focal cerebral ischemia.
In the last decade, micro-computed tomography (micro-CT) made it possible to overcome many of these difficulties and permits analysis of the complete 3D branching architecture of small vessels in microscopic detail. Previously, we reported micro-CT's technical feasibility to visualize the intacerebral arteries [7] in apoE -/-LDL -/-double knockout mice. Hence, the purpose of our study was to evaluate micro-and nano-CT's technical feasibility to detect and differentiate structural and functional vascular alterations in two different models of permanent arterial cerebral ischemia in rats.
Methods

Animal Preparation
All procedures were performed in accordance with our institutional guidelines and the German animal protection legislation. Male Sprague-Dawley rats (277 to 338 g bodyweight; Harlan Winkelmann, Borchen, Germany) were anesthetized with 5% isoflurane delivered in air for 2 minutes. Anesthesia was maintained with 2% to 3% isoflurane delivered in air at 0.5 L/min during surgery. Body temperature was continuously monitored with a rectal probe and maintained at 36.5°C to 37.0°C. The right external carotid artery (ECA) was ligated and transsected to create an ECA stump with a length of ~5 mm. The pterygopalatine branch of the ICA was also occluded.
Suture Model
A 4-0 silicone-coated nylon suture was introduced through the ECA stump in animals (n = 10) as described previously [4] . The occluder was advanced into the ICA 16 to 18 mm beyond the carotid bifurcation until mild resistance indicated that the tip was lodged in the anterior cerebral artery and thus blocked blood flow to the MCA.
Macrosphere Model
PE-50 tubing, filled with saline and 4 TiO2 macrospheres (diameter, 0.315 to 0.355 mm; BRACE GmbH, Alzenau, Germany), was inserted into the ECA stump (n = 8). The tip of the tubing was placed in the carotid bifurcation without affecting the blood flow to the ICA. Then the macrospheres were advanced separately into the ICA by a slow injection of 0.05 mL saline each, until they were moved passively into the cerebral circulation by the physiological blood flow [6] .
Control Animals
Four additional rats were not subjected to MCA occlusion and served as controls.
Post mortem preparation
After 4h, the animals were anesthetized with 5% isoflurane delivered in air for 2 minutes. Anesthesia was maintained with 2% to 3% isoflurane delivered in air at 0.5 L/ min during surgery.
After thoracotomy, PE-50 tubing was inserted into the left ventricle, followed by incision of the right atrium. Then the animal's circulation was flushed with heparinized saline.
The ascending and descending aorta, the subclavian arteries, the external carotid arteries and the pterygopalatine arteries were ligated to avoid unnecessary contrast filling. Then 5 ml Microfil ® (Flow Tech, Inc., Carver, Massachusetts, USA) was prepared according to the manufacturer's instructions and injected through the aortic arch to fill the arterial and venous cerebral circulation via the internal carotid and the vertebral arteries. Excessive dilatation of the aorta during the injection process was avoided in order to ensure physiological perfusion pressures. After 45 minutes, Microfil formed an elastomeric gel at room temperature. Then the brains including the intact dura mater were removed from the skull and immersed in 4.5% formalin. Contrast perfusion was performed after 4 hours. Localisation of the suture and the macrospheres within the basal cerebral arteries as well as the presence of subarachnoidal blood was assessed by visual inspection and carefully documented.
According to the previously published criteria, sufficient occlusion of the middle cerebral artery was assumed, if the origin of the MCA-mainstem or all arteries providing blood to the MCA mainstem (i.e. anterior cerebral artery and internal carotid artery) were blocked by macrospheres. Subarachnoid hemorrhage led to exclusion from the study [6] .
Micro-Computed Tomography
All samples were scanned in a micro-computed tomograph (micro-CT) manufactured and developed by SkyScan (SkyScan1072_80 kV; Belgium). The X-ray system is based on a microfocus tube (20-80 kVp, 0-100 μA) reaching a minimum spot size of 8 μm at 8W generating projection images irradiating X-rays in cone-beam geometry. This system has been described in detail before [8, 9] . The resulting 3D images were displayed using image analysis software (Analyze ® 8.0; Biomedical Imaging Resource, Mayo Clinic, Rochester, MN). For this study, our micro-CT scanner was configured so that the side dimension of the cubic voxels was 12 μm. Gray scale attenuations of micro-CT images were measured in the right and left hemisphere in controls and animals after middle artery occlusion (n = 80/brain) using the ANALYZE © software package. Therefore, non-contrast perfused animals were used in the Suture Model and in the control group (each n = 3). For determination of relative attenuation values, rectangular regions of interest (ROI; side length, 0.5 mm at 8 bit) were established manually in areas by non-visible assessment of gray-scale differences.
Nano-Computed Tomography
For more detailed analysis of the brain microvessels, samples were cut with a side length of 4 mm and rescanned using a nano-computed tomograph (Nano-CT_2011), manufactured and developed by SkyScan ® (Kontich, Belgium). The microfocus X-ray source is a pumped type source (open type x-ray source) with a LaB 6 cathode. The electron beam is focused by two electromagnetic lenses onto the surface of an x-ray target. The x-ray target (Au) contains a thin tungsten film plated on the surface of the beryllium window producing x-ray emission reaching a minimum spot size of < 400 nm. At this small spot size, small-angle scattering enhances object details down to 150 nm isotropic voxels size. The X-ray detector consists of a 12-bit digital, water-cooled CCD high-resolution (1280 × 1024 pixel) camera with fibre optic 3.7:1 coupling to an X-ray scintillator and digital frame-grabber. In our experimental setting, samples were positioned on a computer controlled rotation stage and scanned 180° around the vertical axis in rotation steps of 0.25 degrees at 40 kVp. Acquisition time for each view was 2.4 seconds. Relative position of the object to the source determines geometric magnification and thus the pixel size defined by the cone-beam geometry of the system. Maximum possible magnification is also limited by the specimen size, which has to be within the cone-beam in its horizontal diameter. Raw data were reconstructed with a modified Feldkamp cone-beam reconstruction modus resulting in two dimensional 8-bit gray-scale images consisting of cubic voxels.
Statistical Analysis
Statistical analysis was performed using JMP 6.0 (SAS Institute, Cary, NC, USA). All data in the text and figures are presented as mean ± SEM. Vascular volume fraction and gray scale attenuation differences were analyzed using unpaired t test and one-way ANOVA. A value of p < 0.05 was considered significant in all analyses.
Results
General Consideration
Micro-CT and Nano-CT imaging did not provoke any radiographic artefacts, interfering with image analysis.
Using micro-CT imaging, a continuous visualization and quantification of the intracerebral vasculature can be performed. For more detailed information on cerebral microvessels, high-resolution nano-CT imaging can also be used to analyse distinct regions of interest more accurately. Figure 1 shows micro-CT findings of a control animal (left column) and of a rat subjected to suture-MCA occlusion (right column). Subarachnoid hemorrhage was found in one of 10 animals as a result of perforation of the intracranial portion of the anterior cerebral artery. This animal was excluded from further evaluation.
Suture Model
Permanent occlusion resulted in a significantly lower vascular volume fraction as compared to the nonoccluded hemisphere (4.02 ± 1.67 mm 3 vs. 11.5 ± 1.05 mm 3 ; p < 0.001; Table 1 ). Nano-CT imaging indicates a faint contrast filling of the vasculature distal to the occlusion derived by crossflow-filling from the contralateral hemisphere. Moreover, a sparse portion of dye was visible between the suture and the vessel wall, indicating a noncomplete occlusion of the internal carotid artery by the suture (Figure 2) .
Gray scale densities were measured and matched to the middle cerebral artery perfusion territories. Animals showed significantly lower gray scale attenuation values as a result of progressive edema.
Macrosphere Model
Figures 3 demonstrate the typical distribution of macrospheres within the basal cerebral arteries. All administered spheres were detected with micro-and nano-CT imaging.
In 2 animals the macrospheres were lodged exclusively in the anterior and/or posterior cerebral artery without blocking blood flow to the MCA. These animals therefore were excluded from the study since they did not fulfil the predefined criteria for MCA occlusion. As expected, these rats did not show significant differences in the total vascular volume fraction, as compared to controls (p < 0.2). In contrast, animals with correct macrosphere localisation demonstrate a significant decrease (p < 0.001) in the vascular volume fraction (5.5 ± 1.3 mm 3 ) compared to controls/non-occluded hemisphere (11.6 ± 1.2 mm 3 ), indicating sufficient MCA occlusion ( Figure 4 and Table  1 ).
Since the diameter of the macrospheres (334 ± 10 μm) is significantly higher than the occluded vessel (175 to 205 μm), a complete occlusion can be assumed. However, micro and nano-CT indicates contrast filling of the vasculature distal to the occlusion site (Figure 1 ). High-resolution nano-CT imaging indicates that distal filling of the middle cerebral artery results from collaterals in the vicinity of the occlusion site ( Figure 1E+F , black curved arrows). No contrast agent was detectable between the macrospheres and the vessel wall ( Figure 1E+F ). As a concomitant effect, gray scale value attenuations in the same vascular perfusion territories also significantly decreased ( Figure 5 ) indicating progressive edema due to focal ischemia. No case of subarachnoid hemorrhage was found in the macrosphere model.
Discussion
For several decades rodent cerebral ischemia models represent a corner stone in stroke research and provided important insights into the underlying pathophysiology of ischemic stroke. Particularly the suture technique has been used frequently, because it is highly reliable and it allows simulating both fundamental conditions of cerebral ischemia: permanent vessel occlusion and ischemia followed by reperfusion. Both conditions are relevant to human stroke and should be taken into account i.e. for the preclinical testing of neuroprotective drugs [10] . Since the pathophysiology of "permanent" and "transient" focal cerebral ischemia is essentially different, animal models should reliably provide these conditions. Permanent MCA occlusion with use of the suture model, how- The vessel diameter shows significant differences between the anterior and posterior versus the middle cerebral artery and the circle of Willis (* p < 0.002). The macrosphere diameter is not related to the occluded vessel diameter (p < 0.2) but the diameter of the macrospheres shows significantly higher values than the occluded vessel (p < 0.001). Macrospheres in the middle cerebral artery showing the same vascular volume fraction as the suture technique. ever, has been come under criticism for frequent inadvertent premature reperfusion, as documented by laser Doppler measurements -a side-effect that potentially undermines the strict differentiation between permanent and transient ischemia [3] . The macrospheretechnique in contrast, due to the very tight occlusion of the basal cerebral arteries, has the potential to overcome this side-effect by avoiding bypass blood flow between the vessel wall and the occluder. The present paper evaluated and compared the vascular anatomy of the permanent suture and the macrosphere MCA occlusion method by using a novel high resolution imaging technique.
The present data indicate that both models of permanent vessel occlusion do not completely block blood flow to the MCA territory. This finding is in accordance with many previous observations using laser Doppler monitoring during the occlusion process with the suture technique, were blood flow in the MCA territory does not drop to zero but is typically reduced by 70 to 90% [3] .
With the use of micro-and nano-CT, we now could visualize for the first time the morphological basis of the remaining perfusion in the two permanent MCA-occlusion models.
1. Distant collateral blood flow from the contralateral hemisphere (cross-flow) was present in both occlusion models, most likely via connections between the ipsilateral and contralateral anterior cerebral artery.
2. Local collateral blood flow in the vicinity of the occluder was an unexpected finding in the macrospheremodel ( Figure 1E+F ) as well as in the suture technique ( Figure 3) . Particularly in the macrosphere occlusion method small collateral vessels shifted blood over a short distance from proximal to distal segment of the occluded MCA. This phenomenon was detectable to a much lesser extent in the suture technique, since the suture blocks the internal carotid artery over its entire distance, which impedes short distance collateral flow.
3. Inadvertent bypass-perfusion between the occluder and the occluded vessel could be detected in the suture model ( Figure 3 ). This finding is most likely related to a discrepancy between the suture diameter and the vessel caliber. Schmidt-Elsaesser and coworkers [3] found a higher proportion of inappropriate MCA occlusion when smaller sutures are used and Laing et al. [11] stated that silicone coated (and therefore thicker) filaments provide denser ischemia than uncoated sutures, would support this hypothesis. The use of thicker sutures than coated 4-0 filaments, however, seems not to be feasible, since they are difficult to insert through the base of the skull. Inadvertent bypass-perfusion was not detected in the macrosphere model.
In normal Wistar rats, extensive anastomosis among the terminal branches of the three large cerebral arteries have been described and is highest between the anterior and middle cerebral arteries, and also between between the middle and posterior cerebral arteries [12] [13] [14] . Microand nano-CT imaging demonstrates that collateral supply to the cortical vascular beds protects in part against complete vascular occlusion and is strongly related to the blocked macrosphere perfusion territory. Those findings are in line with the published literature [15] [16] [17] , indicating pre-existing anastomosis and collaterals after middle cerebral artery occlusion in rats.
Imaging methods are indispensable for studying the vessel architecture in animal models of vascular disorders. Despite the power and utility of these research methods, there is still a large difference in spatial resolution between microscopy-based imaging methods and clinical methods. High-resolution magnetic resonance angiography (MRA) has been introduced as a means to investigate the arterial cerebrovascular hemodynamics noninvasively in rats [1, 18] and mice [19] . Up to now, MRI imaging is the most frequently used method to Figure 5 Gray scale attenuation differences obtained in Controls, the Macrosphere-and Suture Model. Significant differences in CT gray scale attenuations were obtained in different perfusion territories between the macrospheres and the suture technique. No significant differences were obtained for macrospheres in the middle cerebral artery and the suture model. investigate cerebral perfusion in experimental [20, 21] and clinical conditions [22, 23] . Major limitations using MRI imaging is the spatial resolution needed to visualize and quantify changes in the microvasculature. Clinical and experimental studies addressed these aspects using 3, 4.7, 7 and 11.7 Tesla systems [1, [24] [25] [26] [27] .
Micro-CT has made it possible to largely overcome these difficulties and permit analysis of the complete 3D branching architecture of small vessels in microscopic detail [28, 29] . Moreover, Micro-CT imaging makes it possible to quantify the number and spacing of blood vessels, [30] and vascular permeability [31] . Micro-CT in the present study emerged as a sensitive technique to detect vessel alterations in different models of focal brain ischemia. The 3D micro-CT images have several advantages over 2D histology, as one can unambiguously identify a vessel along its entire length from the vessel's origin to the terminal region.
Conclusion
This study demonstrates a methodological approach to preserve and examine the rat cerebral vasculature under physiological and pathological conditions. To our knowledge, this is the first study using micro-CT and nano-CT technique for imaging the intracerebral vasculature nondestructively in different models of focal brain ischemia.
The present data indicate that rodent models of "permanent" MCA occlusion provide a certain amount of remaining perfusion via different collateral pathways and (in case of the suture technique) also by inadvertent bypass-perfusion along the filament. These findings emphasize the thesis, that unadulterated permanent ischemic conditions can not be simulated with the present rodent stroke models since they all contain some elements of reperfusion.
